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Pge-Associated Aortic Stenosis
n Apolipoprotein E-Deficient Mice
imie Tanaka, MD,* Masataka Sata, MD,*‡§ Daiju Fukuda, MD,* Yoshihiro Suematsu, MD,†
oboru Motomura, MD,† Shinichi Takamoto, MD,† Yasunobu Hirata, MD,* Ryozo Nagai, MD*
okyo and Kawaguchi, Japan
OBJECTIVES The present study was designed to assess aortic valve morphology and function in mice of
advanced age. We also evaluated the potential contribution of bone-marrow-derived cells to
the pathogenesis of aortic stenosis.
BACKGROUND Age-associated valvular degeneration is characterized by lipid accumulation, collagen depo-
sition, and calcification containing smooth muscle-like cells and osteoblast-like cells. Cellular
and molecular factors that mediate these changes remain unknown.
METHODS We extensively examined the aortic valves of senile wild-type and apolipoprotein E
(ApoE)/ mice with echocardiography. The aortic valves were analyzed by immunohis-
tochemistry and electron microscopy. The bone marrow of wild-type and ApoE/ mice
was reconstituted with that of green fluorescent protein (GFP) or beta-galactosidase (LacZ)
mice, which expressed GFP or LacZ ubiquitously.
RESULTS Transaortic flow velocity was correlated with age in wild-type and ApoE/ mice. The
aortic valves of old ApoE/ mice showed sclerosis that resembled the pathology of human
aortic stenosis. A significant number of GFP-positive cells (10.7  4.1%) in the sclerotic
valves of ApoE/ mice expressed alpha-smooth muscle actin, whereas most of the
GFP-positive cells were identified as endothelial cells or macrophages in wild-type mice.
There were bone-marrow-derived cells that were positive for osteoblast-related proteins near
the sites of ectopic calcification. The sclerotic valves displayed frequent apoptotic cell death
and chemokine expression.
CONCLUSIONS Senile ApoE-deficient mice display aortic valve sclerosis that is similar to that observed in
humans. The sclerotic valves displayed frequent apoptotic cell death and chemokine
expression. Smooth muscle-like cells observed in degenerative valves might derive, at least in
part, from bone marrow. (J Am Coll Cardiol 2005;46:134–41) © 2005 by the American
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.03.058College of Cardiology Foundation
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Tortic stenosis is the most common valvular disease in
estern countries (1). The principal etiology of nonrheu-
atic aortic stenosis is age-associated valvular degeneration,
hich is characterized by inflammatory cell infiltration,
ncreased cellularity, lipid accumulation, extracellular matrix
eposition, and calcification (2,3). Besides inflammatory
ells, the diseased valves contain -smooth muscle actin
SMA)-positive myofibroblast-like cells, which are occa-
ionally detected in naive valves (2). Heterotopic ossification
nd osteoblast-like cells are frequently detected in thickened
egenerative valves (4,5). A recent study reported neovas-
ularization and angiogenic activation of valvular endothe-
ial cells in aortic valve stenosis (6). However, the precise
athogenesis of age-associated valvular degeneration is
argely unknown. No effective therapy has been established
or prevention and early treatment of aortic stenosis.
Here, we report that senile apolipoprotein E (ApoE)-
eficient mice develop degenerative valvular sclerosis that
ight resemble human aortic stenosis. We also show that
From the Departments of *Cardiovascular Medicine, †Cardiothoracic Surgery, and
Advanced Clinical Science and Therapeutics, University of Tokyo Graduate School
f Medicine, Tokyo, Japan; and §PRESTO, JST, Kawaguchi, Japan. This study was
upported in part by grant-in-aid and by the Advanced and Innovational Research
rogram in Life Sciences from the Japanese Ministry of Education, Culture, Sports,
cience, and Technology.t
Manuscript received August 13, 2004; revised manuscript received March 16, 2005,
ccepted March 22, 2005.mooth muscle-like cells observed in degenerative valves
ight derive, at least in part, from bone marrow.
ETHODS
nimals and bone marrow transplantation (BMT).
reen fluorescent protein (GFP) mice (C57BL/6 back-
round), beta-galactosidase (LacZ) mice (C57BL/6J back-
round), which expressed GFP or LacZ ubiquitously, and
poE/ mice were already described (7,8). Wild-type
57BL/6 mice were purchased from SLC (Shizuoka,
apan). Bone marrow transplantation was performed after
ethal X-irradiation with a total dose of 8.7 Gy (MBR-
520RB, Hitachi, Tokyo) as described previously (7). A
otal of 80% to 90% of peripheral leukocytes had been
econstituted as determined by flow cytometry or fluores-
ence in situ hybridization for Y-chromosome. All mice
ere fed regular chow. All procedures involving experimen-
al animals were performed in accordance with protocols
pproved by the institutional committee for animal research.
chocardiography. Mice were anesthetized by intraperito-
eal injection of nembutal (50 mg/kg). Color Doppler
maging was obtained through a parasternal approach with
12-MHz linear probe and an ultrasound imaging sys-
em (LOGIQ 7, GE Medical Systems, Tokyo, Japan).
ransaortic flow velocity was evaluated by pulse and con-
inuous waves recorded through a near apical approach with
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July 5, 2005:134–41 Mouse Model of Aortic Stenosis12-MHz sector probe and an echocardiography imaging
pparatus (EnVisor M2540A, PHILLIPS, Tokyo, Japan)
9). The sample volume cursor was placed at the aortic root
ith angle correction (37° to 60°). The heart rates during
xamination were about 300 to 550 beats/min.
mmunohistochemistry. At death, aortic valves of
57BL/6 and ApoE/ mice were observed using a
ooled CCD camera (VB-6010, Keyence, Osaka, Japan).
he hearts were excised and snap-frozen in optimal cutting
emperature (OCT) compound (TissueTek, Tokyo, Japan).
mmunohistochemistry was performed as described (7,8),
sing first antibodies against -SMA (clone 1A4, Sigma,
t. Louis, Missouri), cluster of differentiation 31 (CD31,
lone MEC 13.3, BD Biosciences, San Jose, California),
steocalcin (Biogenesis, Kingston, New Hampshire), mouse
acrophage/monocytes-2 (MOMA-2, Dai-Nippon, To-
yo, Japan), CD3 (Santa Cruz Biotechnology, Santa Cruz,
alifornia), monocyte chemotactic protein-1 (MCP-1,
&D Systems, Minneapolis, Minnesota), PDGF-B (sc-
878, Santa Cruz Biotechnology), vascular endothelial
rowth factor (VEGF, AF-293-NA, R&D Systems), stro-
al cell-derived factor-1 (SDF-1, R&D Systems), and
acZ (ICN, Aurora, Ohio) followed by the avidin-biotin
omplex technique and Vector red substrate (Vector, Bur-
ingame, California). Isotype-matched normal immuno-
lobulins were used as negative controls in immunohisto-
hemistry and immunofluorescence study. Calcification was
etected by von Kossa staining followed by counterstaining
ith hematoxylin and eosin. LacZ was detected as described
7,8). LacZ-positive cells were counted and expressed as a
roportion of the total number of nuclei in the valve.
lastic embedding, immunofluorescence double-staining, and
ransmission electron microscope. Plastic embedding to de-
ect GFP signal was performed as described (8). Thin
ections (4 m) were stained with the Cy3-conjugated
nti--SMA (Sigma) antibody or antibodies against CD31,
ouse pan endothelial cell antigen 32, osteopontin (sc-
0593, Santa Cruz Biotechnology), or osteocalcin followed
y incubation with Cy3 or rhodamine-conjugated secondary
ntibodies. Nuclei were counterstained with Hoechst 33258
Sigma). GFP-positive cells were counted and expressed as
proportion of the total number of nuclei. The TdT-
ediated dUTP nick end labeling (TUNEL) staining was
erformed on frozen sections as described elsewhere (8).
he sections were observed under a confocal microscope
FLUOVIEW FV300, Olympus, Tokyo, Japan). Transmis-
ion electron microscopic observation was performed as
Abbreviations and Acronyms
ApoE  apolipoprotein E
BMT  bone marrow transplantation
GFP  green fluorescent protein
LacZ  beta-galactosidase
SMA  smooth muscle actinescribed (10). ttatistical analysis. All values are presented as means 
EM. Means were compared by unpaired Student t test.
orrelation between age and transaortic blood flow velocity
as performed with linear regression analysis. Comparison
f regression lines was performed with standard methods (11).
p value 0.05 was considered statistically significant.
ESULTS
ge-associated aortic stenosis in mice. We extensively
xamined the aortic valves of wild-type and ApoE/mice
f various ages with echocardiography. Transaortic flow
elocity could be measured in wild-type and ApoE/
ice (9). There was a significant correlation between age
nd transaortic flow velocity in both groups, indicating that
urine aortic sclerosis progresses with age like valvular
egeneration observed in humans (Figs. 1A and 1B) (12).
ender did not influence the relationship between age and
ransaortic flow velocity. We did not detect any pathological
ncrease in transaortic flow in wild-type mice (Fig. 1C).
lthough the regression line of ApoE/ mice was not
ignificantly steeper than that of the wild-type mice, aortic
ow velocity was faster than 150 cm/s in more than half of
he ApoE/ mice older than 43 weeks of age. In a
03-week-old female ApoE/mouse, aortic flow velocity
as increased to as high as 427 cm/s (Fig. 1D). Color
oppler imaging did not detect any aortic regurgitation in
he wild-type mice (Video 1; see the July 5 issue of JACC at
ww.onlinejacc.org). Mild aortic regurgitation could be
bserved in 9 of 30 ApoE-deficient mice older than 68
eeks of age (Fig. 1E; Videos 2 and 3; see the July 5 issue
f JACC at www.onlinejacc.org). The aortic velocity in the
poE/ mice with aortic regurgitation was significantly
aster (n 9, 205 33 cm/s) than that in the mice without
ortic regurgitation (n  21, 143  10 cm/s, p  0.023).
hese results suggest that age-associated aortic sclerosis
auses pathological stenosis and regurgitation in ApoE/
ice of advanced age.
istological examination of the sclerotic aortic
alves. Next, the sclerotic aortic valves were examined
istologically. An en face observation revealed that the
ortic valve leaflets of 95-week-old ApoE/mice showed
ncreased opacity, while those of 96-week-old C57BL/6
ice were transparent (Fig. 2A). Von Kossa staining dem-
nstrated ectopic calcification in the aortic valves of the 88-
o 97-week-old ApoE-deficient mice (Fig. 2B), while cal-
ification was not detected in the aortic valves of the 94- to
8-week-old wild-type mice. Osteocalcin, an ossification-
elated protein, was expressed in the sclerotic valves of
poE-deficient mice. Valve leaflets of age-matched
57BL/6 mice were covered with an endothelial cell layer as
etermined by immunostaining for an endothelial marker,
D31 (Fig. 2C). The valves of 74- to 97-week-old
poE/ mice showed sporadic sites of endothelial denu-
ation. The sclerotic valves of the ApoE/ mice con-
ained a number of -SMA positive cells, which were
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Mouse Model of Aortic Stenosis July 5, 2005:134–41eldom detected in the valves of the wild-type mice. Many
acrophages and T cells (Fig. 2C) infiltrated in the degen-
rated valves of 74- to 97-week-old ApoE/ mice,
hereas a few macrophages could be detected in the aortic
alves of 94- to 98-week-old ApoE/ mice. The cell
ypes observed in the degenerated valves were confirmed by
ltrastructural analysis under an electron microscope (Figs.
A and 3B). Besides macrophages (Fig. 3C), osteoblast-like
ells with well-developed Golgi apparatus and rough endo-
lasmic reticulum could be identified (Fig. 3E) near the site
f calcium deposition (Fig. 3F). There were smooth muscle-
ike cells that had a basement membrane, muscle fibers, and
itochondria (Figs. 3B and 3D).
ontribution of bone marrow-derived cells to valvular
emodeling. To investigate the origin of the cells that
ould be found in sclerotic valves, bone marrow cells from
FP-mice were transplanted to 59-week-old ApoE-
igure 1. Age-associated increase in transaortic flow velocity in wild-ty
nesthetized by intraperitoneal injection of nembutal. Transaortic flow sign
ith a 12-MHz sector probe and an echocardiography imaging apparatus (En
ale n  18, female n  2) and ApoE/ mice (B, 9- to 115-week-old, m
roups. There was a significant correlation between age and transaortic valve flo
f a 98-week-old male C57BL/6 mouse (C) and a 103-week-old female ApoE
ouse. (E) B-mode (upper panels) and color Doppler (lower panels) images
ltrasound imaging system (LOGIQ 7, GE Medical Systems, Tokyo, Japa
arrowheads). Ao  aorta; AR  aortic regurgitation signal; LA  left atriueficient mice (BMTGFP¡ApoE mice, n  3). After 34 (eeks, there was a significant number of GFP-positive cells
16.0  3.5%) in the aortic valves of BMTGFP¡ApoE mice
Fig. 4A). Immunofluorescence study detected GFP-
ositive cells that expressed -SMA (Fig. 4B). GFP-
ositive cells on the valvular surface were integrated to the
ndothelium and expressed endothelial cell markers includ-
ng MECA32 and CD31 (Fig. 4C). Near the sites of
ctopic calcification, there were GFP-positive cells that
xpressed osteoblast-related proteins including osteopontin
nd osteocalcin (Fig. 4D). Bone marrow transplantation was
erformed from LacZ mice to 31-week-old ApoE/
ice (BMTLacZ¡ApoE mice); 49 weeks after BMT, the
ortic valves of the BMTLacZ¡ApoE mice were thickened
nd calcified. Anti-LacZ immunostaining revealed that 23.3
2.1% cells were LacZ-positive in the aortic valves of
MTLacZ¡ApoE mice (Fig. 4E). Immunofluorescence study
dentified LacZ-positive cells that were positive for -SMA
ice and in apolipoprotein E (ApoE)/ mice. (A and B) Mice were
re evaluated by continuous waves recorded through a near apical approach
M2540A, PHILLIPS, Tokyo, Japan) in wild-type (A, 8- to 120-week-old,
23, female n  22). As the mice grew older, the velocity increased in both
city ([AV] flow velocity) in both groups. (C and D)Transaortic flow patterns
ouse (D). The maximum aortic flow velocity was 427 cm/s in the ApoE/
obtained through a parasternal approach with a 12-MHz linear probe and an
unctional aortic regurgitation could be detected in senile ApoE/ mice
 left ventricle; RA  right atrium; RV  right ventricle.pe m
als we
Visor
ale n 
w velo
/m
weredata not shown) or CD31 (Fig. 4F). These results suggest
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July 5, 2005:134–41 Mouse Model of Aortic Stenosishat bone-marrow-derived cells were recruited and differ-
ntiated into -SMA-positive cells, endothelial-like cells,
r osteoblast-like cells that might contribute to valvular
clerosis. Bone marrow transplantation was also performed
rom GFP mice to C57BL/6 mice (BMTGFP¡wild-type
ice, n  3). GFP-positive cells could be detected in the
ortic valves of the BMTGFP¡wild-type mice at 44 weeks
fter BMT (Fig. 4G). There was no significant difference in
he relative amount of GFP-positive cells in the aortic valves
etween BMTGFP¡wild-type and BMTGFP¡ApoE mice (18.5
2.1% vs. 16.0  3.5%, p  NS). Most of the GFP-
ositive cells were identified as endothelial cells (Fig. 4H) or
acrophages (Fig. 4I). Few GFP-positive cells (0.3 
.3%) expressed -SMA in BMTGFP¡wild-type mice,
hereas -SMA expression was detected in 10.7  4.1% of
he bone-marrow-derived cells in the aortic valves of
MTGFP¡ApoE mice (Fig. 4G).
ell death and cytokine expression in sclerotic aortic
alves. To understand the mechanisms by which bone-
arrow-derived cells were recruited to the site of aortic
alvular degeneration, we investigated cell death and cyto-
igure 2. Sclerotic changes of aortic valves of senile wild-type and apolipopr
ild-type mice and 95-week-old ApoE/ mice. Scale bar, 500 m. (B
 1) and 74- to 97-week-old ApoE/ (male n  5, female n  5) mi
ere stained by von Kossa method (VK) to detect ectopic calcification. A
btained from wild-type and ApoE/ mice. Arrows indicate the positive
C) Immunohistochemical studies were performed on the frozen sectio
rrowheads indicate the sites of endothelial denudation. Macrophages and
ntibodies, respectively. Smooth muscle-like cells were identified using an a
cale bar, 20m.ine expression in the sclerotic valves. The sclerotic valves of v7-week-old female ApoE/ mice expressed high
mounts of MCP-1, VEGF, PDGF-BB, and SDF-1,
hich were absent in the aortic valves of 8-week-old
ild-type mice (Fig. 5A). The expression of chemokines
nd cytokines were associated with frequent apoptosis of
ndothelial cells and interstitial cells as determined by
UNEL staining (Fig. 5B). Double immunofluorescence
maging revealed that the chemokine and cytokines were
xpressed particularly around the apoptotic cells (Fig. 5C).
ISCUSSION
pidemiologic studies revealed that age-associated aortic
tenosis is associated with clinical risk factors similar to
hose for atherosclerosis, such as age, male-gender, history
f smoking, hypercholesterolemia, hypertension, and diabe-
es, suggesting that age-associated aortic stenosis process
ight be caused by the mechanisms similar to those of
therosclerosis (13). In this study, we found that aortic valve
ow velocity increases with aging in wild-type mice as well
s in ApoE/ mice. However, marked increase in aortic
E (ApoE)/mice. (A) Gross appearance of aortic valves of 96-week-old
arts were taken from 94- to 98-week-old wild-type (male n  2, female
d embedded in OCT compound. Frozen sections containing aortic valves
teocalcin (OCL) immunostaining was performed on the frozen sections
. Scale bars, 100 m (upper panel) or 20 m (middle and lower panels).
ndothelial cells were detected by anti-CD31 immunostaining (CD31).
lls were detected by immunostaining with anti-MOMA-2 and anti-CD3
-smooth muscle actin (SMA) antibody. Arrows indicate the positive area.otein
) He
ce, an
ntios
area
ns. E
T cealve flow velocity was detected only in ApoE/ mice. It
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Mouse Model of Aortic Stenosis July 5, 2005:134–41s likely that both altered lipid metabolism and aging are
ssential for the development of murine aortic sclerosis,
hich potentially causes functional stenosis and regurgitation.
Taking advantage of the mouse model of valvular sclero-
is, we investigated the potential contribution of bone
arrow cells to the pathogenesis of aortic sclerosis. Our
ndings suggest that some of the smooth muscle-like and
steoblast-like cells in degenerative valves might derive from
one marrow. Bone marrow-derived cells were also inte-
rated to the endothelium of the aortic valve. Recently, we
nd others (7,14–16) reported that bone-marrow-derived
ells can contribute to the pathogenesis of vascular diseases
nd that neointima formation might be similar to the
ealing process in response to mechanical and humoral
timuli (17). It was observed that severe damage in the vessel
all is essential for bone marrow progenitor cells to partic-
igure 3. Electron micrographic observation of the aortic valves of senil
0-week-old ApoE/ mouse. There are a macrophage (A, left), an oste
C) A macrophage observed in the valve leaflet (A). Scale bar  1m. (D
bers, basement membrane, and mitochondria. Scale bar  1m. (E) An
ndoplasmic reticulum. Scale bar  1m. (F) Calcium deposition in thepate in arterial remodeling (8). In this regard, aortic valves cre continuously subjected to a high mechanical stress at the
exion area of the aortic cusps near the attachment of the
ortic root and the line of coaptation (18,19). In addition to
echanical stress, aortic valves are always exposed to various
therogenic substances, such as oxidized low-density lipopro-
ein, homocysteine, angiotensin II, and lipopolysaccharides,
hich induce apoptosis in endothelial cells on the surface of
he valves (20). Presumably, bone-marrow-derived cells
ome at the injured surface to replace the apoptotic endo-
helial cells. However, in the presence of hypercholesterol-
mia, this reparative process may turn to be degenerative as
one-marrow-derived cells also differentiate into SMC-like
ell or osteoblast-like cells that may potentially contribute to
ellular accumulation or calcification, as suggested in the
athogenesis of atherosclerosis (7,21). Thus, mechanical
nd humoral injuries to the endothelial lining seem to
oE/ mice. (A and B) Electron micrographs of the aortic valve of a
-like cell (A, right), and a smooth muscle-like cell (B). Scale bar  5m.
her magnification image of a smooth muscle-like cell (B) that has muscle
oblast-like cell (A) that has a well-developed Golgi apparatus and rough
tic valve leaflet. Scale bar  1m.e Ap
oblast
) Higonstitute the earliest phase of the valvular degeneration (2).
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July 5, 2005:134–41 Mouse Model of Aortic StenosisThe molecular mechanism by which bone marrow cells
re mobilized and recruited to the site of valvular degener-
tion remains to be elucidated. Recent evidence suggests
hat apoptotic cells express chemokines and cytokines, thus
otentially provoking inflammatory responses (22,23). In
ortic valves of senile ApoE/ mice, there were many
poptotic cells that were associated with the expression of
igh amounts of MCP-1, PDGF-BB, VEGF, and SDF-1.
t was reported that these cytokines and chemokines are
ssential for recruitment of bone-marrow-derived cells to
igure 4. Bone marrow-derived cells detected in sclerotic aortic valve. (
9-week-old apolipoprotein E (ApoE)/ mice. Hearts of 93-week-old B
n plastic resin. Plastic-embedded sections containing aortic valve were ob
apan). Scale bar, 100 m. Adjacent sections were used for double-immun
blue). (B) GFP-positive cells (green) that expressed -smooth muscle act
FP-positive endothelial-like cells (green) that expressed MECA32 or CD
ouble-positive cells (yellow). Scale bar  10 m. (D) GFP-positive cells
ndicate double-positive cells (yellow). Scale bar  10 m. (E) Aortic va
erformed from LacZ mice to ApoE/ mice (n  3). Frozen sections we
ubstrate (red). Adjacent sections were used for double immunofluorescenc
D31 (red). Nuclei were counterstained with Hoechst 33258 (blue). Arrow
ransplantation was performed from GFP-mice to C57BL/6 mice (BMT
arvested and embedded in plastic resin. Plastic-embedded sections contain
uclei were counterstained with Hoechst 33258 (blue). Left: Lower magn
ells that were negative for GFP. Right: Higher magnification image. Sca
acrophages (I) observed in the aortic valve of BMTGFP¡wild-type mice. P
acrophages (MOMA2, red). Nuclei were counterstained with Hoechst
ndicate the surface of the valve. Scale bar  10 m. DIC  differentialascular lesions (24–27). It is likely that those factors may slay a role, at least in part, in the recruitment and homing
f bone-marrow-derived cells to the site of valvular remod-
ling.
Our study also might have an implication for regenerative
edicine. There is increasing enthusiasm for the use of
omatic stem cells for “cell transplantation therapy” and
tissue engineering.” However, given the pluripotency and
eterogeneity of bone marrow cells, they may potentially
urn into disease-aggravating cells (28) and accelerate
athological processes, such as atherosclerosis and valvular
one marrow transplantation (BMT) was performed from GFP mice to
FP¡ApoE mice (n  3) were fixed in 4% paraformaldehyde and embedded
d under a confocal microscope (FLUOVIEW FV300, Olympus, Tokyo,
rescence study (B to D). Nuclei were counterstained with Hoechst 33258
A) (red). Arrows indicate double-positive cells. Scale bar  10 m. (C)
ed). Arrowheads indicate the surface of the aortic valves. Arrows indicate
n) that expressed osteopontin (OPN) or osteocalcin (OCL) (red). Arrows
f 80-week-old BMTLacZ¡ApoE mice. Bone marrow transplantation was
ined with polyclonal anti-LacZ antibody, ABC technique, and Vector red
y (F). Scale bar  50 m. (F) LacZ-positive cells (green) that expressed
icate double-positive cells (yellow). Scale bar  10 m. (G) Bone marrow
wild-type mice, n  3). A total of 44 weeks after BMT, the hearts were
ortic valve were stained for alpha-SMA (red) under a confocal microscope.
ion image. Scale bar  50 m. The arrow indicates the -SMA-positive
r  10 m. (H and I) Bone marrow-derived endothelial-like cell (H) or
-embedded sections were stained for endothelial cells (MECA32, red) or
(blue). Arrows indicate the double-positive cells (yellow). Arrowheads
erence contrast.A) B
MTG
serve
ofluo
in (SM
31 (r
(gree
lves o
re sta
e stud
s ind
GFP¡
ing a
ificat
le ba
lasticclerosis (29,30).
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Mouse Model of Aortic Stenosis July 5, 2005:134–41Apolipoprotein E/ mice develop severe hypercholes-
erolemia and atherosclerotic lesions that may resemble
uman lesions (31,32). They were widely used to investigate
he specific molecules or cells that play a crucial role in the
athogenesis of atherosclerosis (7,31–34). In most studies,
therosclerotic lesions in the aorta, coronary arteries, and
ulmonary arteries were analyzed in the ApoE/ mice up
o 23 weeks of age (31,35,36). Although a few reports have
escribed pathological changes in aortic valves of hypercho-
esterolemic mice (37,38), no physiological examination was
erformed to detect functional abnormalities in ApoE/
ice. In this study, echocardiogram and histological exam-
nation successfully detected sclerotic changes with func-
ional abnormality in the aortic valves of ApoE/ mice of
dvanced age.
Mouse genetics have been extensively characterized, and
he mice full genome sequence is available. Furthermore,
ecent advances in gene-manipulating techniques have en-
igure 5. Cell death and cytokine expression in sclerotic aortic valves of ap
ild-type mice (n  3) and 97- to 108-week-old ApoE/ mice (n  3)
CP-1, PDGF, VEGF, and SDF-1 using the avidin-biotin complex
ematoxylin. Arrows indicate positive cells. Scale bar  20 m. (B) Apop
xed with 4% paraformaldehyde and permeabilized. TUNEL staining (gree
poptotic cells. Scale bar  20 m. (C) Co-localization of TUNEL-posi
poE/ mice. Immunofluorescence staining for chemokine or cytokine
0m.bled us to produce various genetically modified mice toetermine the role of specific molecules in a variety of
iological phenomena including vascular remodeling. Our
ouse model of aortic sclerosis might be useful to under-
tand the pathogenesis of human aortic stenosis and to
evelop therapeutic strategies (39).
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